Abstract The term Milieu Souterrain Superficiel (MSS) has been used since the early 1980s in subterranean biology to categorize an array of different hypogean habitats. In general terms, a MSS habitat represents the underground network of empty air-filled voids and cracks developing within multiple layers of rock fragments. Its origins can be diverse and is generally covered by topsoil. The MSS habitat is often connected both with the deep hypogean domain-caves and deep rock cracks-and the superficial soil horizon. A MSS is usually characterized by peculiar microclimatic conditions, and it can harbor specialized hypogean, endogean, and surface-dwelling species. In light of the many interpretations given by different authors, we reviewed 235 papers regarding the MSS in order to provide a state-of-the-art description of these habitats and facilitate their study. We have briefly described the different types of MSS mentioned in the scientific literature (alluvial, bedrock, colluvial, volcanic, and other types) and synthesized the advances in the study of the physical and ecological factors affecting this habitat-i.e., microclimate, energy flows, animal communities, and trophic interactions. We finally described and reviewed the available sampling methods used to investigate MSS fauna.
Introduction
The history of modern subterranean biology begins in the first half of the nineteenth century, with Ferdinand Schmidt's description of a Bcave-adapted^beetle, Leptodirus hochenwartii from the Postojnska cave in Slovenia (Schmidt 1832) . For over a century, caves were generally perceived as the elective habitat of the hypogean fauna. However, at the dawning of modern biospeleology, Racovitza (1907) pointed out that hypogean arthropods find their natural habitat in the narrow fissures of rocks-Bles fentes éntroites^-and not in the underground spaces between the rocks accessible to man, such as caves. Furthermore, Jeannel (1926 Jeannel ( , 1942 Jeannel ( , 1943 stressed out the importance of rock cracks-Bdomaine phréatique terrestre^-in the life cycle of the so-called troglobionts. These early insights, combined with the occasional collection of troglobiomorphic species (sensu Juberthie and Decu 1994) in dry riverbeds (Bucciarelli 1960; Jeanne 1976) , artificial mines in noncarbonatic areas (Uéno 1972a) , narrow fissures in shale (Uéno 1972b) , and other habitats rather than caves, paved the way for a new understanding of the subterranean domain.
In particular, Christian Juberthie, Bernard Delay, and Michel Bouillon (Juberthie et al. 1980a (Juberthie et al. , b, 1981a Fig. 1a, b) described an extra-cave hypogean biotope named BMilieu Souterrain Superficiel (MSS),^which they translated in English BSuperficial Underground Compartment^ . However, Michel Bouillon (2006) refers to his first observation of this particular habitat in 1950. At the time, he was an employee of Albert Vandel (1894 Vandel ( -1980 at the Laboratoire souterrain de Moulis. According to Bouillon (2006) , Vandel forced him not to divulgate his discovery, which was kept secret for 30 years and finally revealed after Vandel's death in 1980.
At the same time, after the finding of troglobiomorphic species along river banks in Japan (Fig. 1c) , Shun-Ichi Uéno described the BSuperficial Subterranean Habitat^ (Uéno 1980 (Uéno , 1981a , which he subsequently renamed BUpper Hypogean Zone (UHZ)^ (Uéno 1982 (Uéno , 1983a (Uéno , b, c, d, 1985a (Uéno , 1987 . Following the original Uéno (1987-modified) ; d Giachino and Vailati (2005, 2010-modified) ; e Růžička (1990-modified) ; and f Ortuño et al. (2013-modified) definitions, both the MSS and the UHZ are located between the deepest soil horizons and the parent rock, and can occur both in carbonatic and noncarbonatic areas. According to the original descriptions, both MSS and UHZ, which can reasonably be regarded as synonyms, host troglobiomorphic organisms and share several ecological features with caves, such as absence of light, low energy inputs, and a relative microclimatic stability.
The two independent description of MSS indirectly imply that troglobionts do not exclusively inhabit caves, but also naturally dwell in the network of fissures-screes, rock cracks, etc.-the size of which is not commensurable to the human scale.
During the 1980s, several pioneering subterranean biologists around the world attempted to compare this Bnew^hy-pogean habitat with caves, significantly increasing the knowledge about arthropods and other invertebrates inhabiting MSS. At the same time, new types of MSS/UHZ were being described (e.g., Gers 1992; Oromí et al. 1986; Ortuño et al. 2013) . The term MSS, used by most authors of that time, soon reached high popularity among subterranean biologists and progressively discarded Ueno's acronym BUHZ.Ĉ ulver and Pipan (2009a Pipan ( , 2014 formally recognized the MSS as a true hypogean habitat and included it in a larger hierarchical classification of the subterranean domain, together with other superficial (or shallow) subterranean habitats (SSHs). This collective term is used to describe aphotic subterranean habitats close to the surface, harboring species with morphological and physiological adaptations to subterranean life (see also Pipan and Culver 2005) . According to the original classification, SSHs include lava tubes, leaf litter, deep soil strata, water-filled epikarst, seepage springs, hyporheic habitats, and the MSS, intended as Ba terrestrial SSH that is typically found at the junction of the soil and rock layer, i.e. the regolith^ (Culver and Pipan 2009a: 8) .
In this contribution, we aim to review the scientific literature on MSS. After a general overview of the different types of MSS habitats recognized so far, we suggest a new nomenclature in order to avoid ambiguity in MSS-related studies. Furthermore, in light of the examined literature, we discussed the ecological and physical factors influencing the MSS, including biotic and abiotic factors. Finally, we briefly illustrated the available effective sampling techniques used to collect arthropods in this habitat.
Literature survey
We carried out a comprehensive bibliographical investigation of 235 studies focusing on MSS, from its formal description (Juberthie et al. 1980a (Juberthie et al. , b, 1981a Uéno 1980 Uéno , 1981a to date (Fig. 2a) . We included research studies, paper describing sampling techniques, and perspective papers. When appropriate, we also included technical reports, book chapters, and proceedings of national and international congresses.
Nevertheless, most of the works reviewed in this paper focus on a single model taxa or are strictly taxonomicali.e., the description of new species. Only in a few cases the focus is set on the whole invertebrate community (e.g., Nitzu et al. 2010; Pipan et al. 2011; Rendoš et al. 2012; Ortuño et al. 2013 Ortuño et al. , 2014b Langourov et al. 2014; Jiménez-Valverde et al. 2015) or on ecological processes (e.g., Gers 1992 Gers , 1998 Nitzu et al. 2014) . Superficial Hypogean Compartment (SUC), superficial underground enclosure, superficial underground environment, terrestrial interstitial habitat, subterranean superficial medium, and shallow underground space.
The translation of Juberthie's term is also literal in most languages: Mediul Subteran Superficial (Romanian), Ambiente Sotterraneo Superficiale (Italian), Medio Subterráneo Superficial (Spanish), and Prostředí Podzemních Povrchů (Slovak).
According to our bibliographical survey, the most established term is Mesovoid Shallow Stratum (or substratum), which actually matches the original acronym, used in 66 % of the works (Fig. 2b) . However, for temporal priority, we suggest to univocally adopt the original term Milieu Souterrain Superficiel and its related acronym BMSS.^Moreover, this term recalls the ecological concept of habitat (milieu = environment) rather than a geomorphological feature of the soil profile (stratum). Incidentally, the univocal use of the acronym MSS was already suggested by different authors (e.g., Pipan and Culver 2005; Giachino and Vailati 2010; Ortuño et al. 2014a, b) .
The MSS habitat General description
In general terms, an MSS consists of a system of empty airfilled voids within rocky fragments (Juberthie et al. 1980a , b, 1981a , Uéno 1987 , usually regarded as suitable for the survival of troglobionts organisms (Uéno 1987; Giachino and Vailati 2010) . Accumulations of rocky fragments may have different structures. The most common one is a sandwich-like structure, in which the MSS lies between the edaphic area (soil and rhizosphere) and the deep hypogean domain (Milieu Souterrain Profond or MSP according to Juberthie 1983; Ortuño and Gilgado 2010) , represented by caves and the system of deep fissures. In this case, the edaphic zones, MSS and MSP, generate a vertical Bgradient from soil to cave^ (Gers 1998) , with smaller interstices at the top (soil), mid-sized (MSS), and mid-sized to larger interstices (MSP) in the deeper levels. The soil at the top provides insulation from the outside, determining microclimatic conditions similar to the deep hypogean environment (see BEnvironmental factors^and BEnergy flows^). The contact with the underlying network of fissures allows its occupation by the subterranean fauna (Fig. 1d) .
Several authors studied the intrinsic connection of the MSS with the deep hypogean domain (see Juberthie et al. 1981a; Dethier et al. 2002) and defined the MSS as an extension of the MSP toward the surface (Juberthie 2000; Giachino and Vailati 2010) , lacking, however, bodies of water or large chambers (Christiansen 2005) . As a general rule, the airfilled voids within a MSS range from a few millimeters to several decimeters, ensuring that organisms dwelling there are not in contact with solid surfaces in all three dimensions (Culver and Pipan 2009a , b, 2010 . Howarth (1983) suggested a similar classification of habitat spaces within the subterranean domain, defining three classes: microcaverns (< 0.1 cm; i.e., the interstitial habitat), mesocaverns (0.1-20 cm; i.e., the network of fissures) and macrocaverns (>20 cm; i.e., the cave-sized passages or MSP).
According to different estimates, the depth of an MSS can be extremely variable. For instance Culver and Pipan (2014) suggested an arbitrary range up to 10 m, Juberthie et al. (1980a, b) from 0.40 to 5 m, Gers (1986) from 1 to 4 m, and Nitzu (2000) from 0.60 to 6 m. However, focusing on the presence of subterranean adapted organisms, both Uéno (1987) and Giachino and Vailati (2010) refer to the occurrence of MSS even at 0.10-0.20 m from the topsoil.
An estimation of the geographical extent of the MSS has never been put forward. According to Juberthie and Decu (2006) , its distribution is related to geomorphological and climatic features. In particular, wherever air-filled voids among clasts are filled with material-such as laterite and clay-the MSS is potentially absent (Juberthie et al. 1981a; Decu 1994, 2006) .
MSS types
The classification of one habitat into one category is not straightforward. In general terms, we refer to MSS habitat wherever the environmental conditions are suitable for the survival of troglobiomorphic species (Uéno 1987) . One of the most important prerequisite a MSS has to possess in order to be defined as such is the direct contact of the detrital deposit with the underlying network of fissures (i), which ensures a potential ecological continuum with the MSP. Just like in other SSHs, empty spaces between clasts-noninterstitial shallow colonizable habitat spaces-should ensure that organisms do not come into contact with solid surfaces in all three dimensions (Culver and Pipan 2009a , b, 2010 (ii). Additional factors determining the occurrence of MSS are the establishment of relatively stable microclimatic conditions compared to the surface (iii) and permanent darkness (iv).
We hereby review the main types of MSS habitats formally described in scientific literature on the base of their geomorphological origin (Table 1) .
Colluvial MSS
This is the first type of MSS ever described. According to Juberthie (1983) , the colluvial MSS is hosted in talus deposits and small gullies. Colluvial MSS originates preferentially in mountain slopes, especially when steep. Moreover, it can be found at the bottom of rocky walls as a result of the accumulation of rocky fragments produced by mechanical weathering (frost, wind, glacial scour, and other abrasion processes; Juberthie 1983). In particular, cryoclastism that occurred at the end of the last glacial period seems to be one of the most important factors determining the presence of colluvial MSS (Revel and Gers 1993) . According to Juberthie et al. (1990) , in the Central Pyrenees the most recent cycle involving the genesis of MSS in mountain rocky accumulations began 12,000-13,000 years ago.
Fragments of rocks accumulating at the bottom of rocky walls have been named in different ways, such as talus, rocky debris, scree, and colluvium. The lithotype of the parent rock forming such accumulations can be diverse, including metamorphic (Juberthie 1983) , plutonic (Barranco et al. 2013) , sedimentary (e.g., Juberthie et al. 1981a; Deltshev et al. 2011; Rendoš et al. 2012) , and volcanic (Oromí 2010; Gilgado et al. 2011) origins. Within such formations, a labyrinth of air-filled interstices provides suitable conditions for the subterranean fauna. The isolation from the surface is usually achieved when the scree is progressively covered by mature soil with edaphic horizons (see explanatory photos in Giachino and Vailati 2005: 313) , eventually supporting dense plant coverage. The importance of the topsoil layer is considered an essential feature for the development of a stable microclimate (Juberthie et al. 1980a, b; Revel and Gers 1993; Giachino and Vailati 2005, 2010; Oromí 2010) . On the other hand, Růžička (1990 Růžička ( , 1999a Růžička et al. 1995; Růžička and Zacharda 1994; Růžička and Thaler 2002 and further publications) also considers the bare screes-or those with very thin covering layers-as MSS-hosting formations, because of the climatic isolation of the inner parts of the rocky accumulations achieved via different processes. Other authors agree with this perspective, supporting their view having found subterranean adapted organisms in various bare colluvial deposits (e.g., Zacharda 1993 Zacharda , 2000a Nitzu et al. 2010 Nitzu et al. , 2014 Barranco et al. 2013) . For the sake of clarity, we will discuss the bare colluvial MSS later.
Bedrock MSS
Bedrock MSS is generally hosted in flat or moderately flat areas. It gradually originates from the weathering of the rockhead of the bedrock (Gers 1992; Revel and Gers 1993) , when the parent rock breaks up into smaller particles-i.e., the parent material (Soil Survey Staff 1999) . The presence of interspersed voids between rocky fragments-network of fissures-and an edaphic layer insulating the whole system, leads to the development of a suitable habitat for the hypogean fauna. This type of MSS is also known as cleithric MSS (Bcleithrique^; Decu and Racovitza 1983; Decu et al. 1991) . The nature of the parent rock forming bedrock MSS can be diverse, although it is more likely to occur in rocks that are easily altered, ) such as schists (Juberthie 1983; Giachino and Vailati 2010) . From a pedological point of view, this type of MSS corresponds to the C horizon (Juberthie et al. 1980b ).
Volcanic MSS
Despite the fact that it is possible to find colluvial and bedrock MSS in volcanic areas, volcanic MSS is the most common MSS type in those regions with recent or current volcanic No Christian (1998a, b, c) activity (Oromí 2010) . The volcanic MSS (sometimes called MSSv) was described for the first time in the Canary Islands (Oromí et al. 1986) . It originates when the volcanic materials-clinker and other basaltic products-accumulate on the substrate, forming a network of voids, microspaces, and fissures which are covered over time by an evolving soil (Oromí et al. 1986; Medina and Oromí 1990) . Being naturally vesiculated, the BAa^lavas-also known as malpaíses in the Canary Islands-seem to be the best candidates to host volcanic MSS. On the contrary, the pāhoehoe basaltic lavas usually produce more compact rocky formations during the solidification process, which is unsuitable for MSS development (Oromí 2010) . The latter frequently leads to the formation of the lava tubes, hypogean habitats hosting specific troglobiomorphic fauna (see, e.g., Howarth 1972 Howarth , 1983 Ashmole and Ashmole 1997; Arnedo et al. 2007) , formally included in Culver and Pipan's SSHs Pipan 2009a, 2014) . Despite the fact that lava tubes are usually shallow, the habitable spaces and the environmental conditions within them are better regarded as cave-like habitats (Culver and Pipan 2009a) , and thus not considered in this review.
Alluvial MSS
Although the presence of edaphobionts (e.g., Zaballos 1998) and troglobionts (e.g., Bucciarelli 1960; Jeanne 1976) from watercourses was reported from time to time, the alluvial MSS has been described only recently ; Fig. 1f ). The description, as well as the authorship of this habitat, was part of an animated discussion between V.M. Ortuño, J.P. Zaballos and P.M. Giachino in the comments related to Ortuño et al.'s work (2013) Ortuño et al. (2013) , suspending judgements about the nature of this habitat. Alluvial MSS develops in the streambeds of temporary watercourses as a result of the accumulation of rocky fragments, pebbles, and gravel, deposited in situ by periodic flooding. This type of MSS ranges in depth from a few decimeters to several meters, up to the bedrock. As for the other MSS types, the air-filled voids among the alluvial rocky deposit, covered by a layer of soil or gravel, are buffered from the external variations and thus suitable for the colonization of this habitat by subterranean organisms. The main difference with other MSS types lies in the sporadic presence of water, due to temporary flooding. Floods may cause the periodic alteration of the habitat structure, washing away the superficial layers or filling the interstices of the rocky deposit with water, clay, and sediment. In this case, the alluvial MSS actually disappears, and the water-filled voids become a hyporheic medium. As a result, the alluvial MSS is more susceptible to disturbances than other subterranean environments. As far as we know, apart from the original definition , the alluvial MSS was only investigated in central Spain by Gilgado and Ortuño (2015) .
Particular cases
We included in this category several habitats of incertae sedis which may host MSS. Despite the fact that there is controversy about the classification of these habitats as MSS-not all of them fulfill the accepted definition of MSS-we provide descriptions and reasons for their inclusion in this review.
Bare colluvial MSS
In general terms, bare colluvial deposits are hosted in rocks accumulating on steep slopes, lacking a soil cover. They generally represents an early stage of the colluvial MSSBEboulis jeune non consolidé^sensu Juberthie (1984) .
Based on the size of the stones, Růžička (1990) listed three main types of deposit:
1. Gravel banks: deposits with centimetric clasts 2. Taluses, screes, and rocky debris: deposits with decimetric clasts 3. Block fields and boulder fields: deposits with metric rocky blocks
The empty spaces within a boulder accumulation may also be human-sized, thus accessible to speleologists, forming the so-called talus caves (White and Culver 2005) . Rocky accumulations can be formed, among others, by limestone, sandstone, volcanic rocks, gneiss, conglomerate, quartzite, and granite (Růžička and Klimeš 2005; Růžička et al. 2013) , and may be covered with a thin layer of mosses, lichens (Růžička 1999b) or by vegetation (Růžička 1990) . However, lacking a proper edaphic superficial layer, the scree is exposed to external weathering (Juberthie et al. 1980b; Giachino and Vailati 2005, 2010) . Thereby, the superficial layers may overheat and dry during sunny days (even up to 50°C; Růžička 2011) and cool down excessively at night, especially in winter and/or at high altitudes (Růžička 1990 ). However, it was pointed out (Růžička 1999b; Barranco et al. 2013; Nitzu et al. 2014 ) that the presence of an edaphic layer is not the only means by which insulation from the surface can be achieved. In some circumstances, the inner zone of a scree can be characterized by a relative constant low temperature and a high relative humidity, resulting in MSS-like conditions. It was observed by Juberthie et al. (1980b) that such climatic conditions may occur if the bare scree is covered by a thick superficial layer of gravel, buffering the inner part from external weather. This kind of habitat was studied in the Southern Carpatian area by Nitzu et al. (2014) , who registered similar microclimatic values in the inner part of screes, covered by a relative thick layer of gravel (0.5-0.70 m), and nonmobile screes, covered by a proper edaphic layer and forest vegetation (Nitzu et al. 2014: 71, f. 2) . The formation of the MSS microclimatic conditions may also occur deeper in the scree (Zacharda et al. 2007 ). The size and shape of the rocks and the way in which they accumulated may also play an important role in achieving insulation (Růžička 1990 ).
Ice-bearing taluses
Slope wind (Růžička 1999b and reference therein) may lead to the development of a relatively stable cold microclimate within bare scree accumulations called ice-bearing taluses. This phenomenon has been described in Central Europe, but similar condition are also found in extrazonal permafrost soils from moderate to high elevations in Czech Republic (Růžička and Klimeš 2005) , Austria (Christian 1987) , and Germany (Huber and Molenda 2004) . Ice-bearing taluses (Christian and Spőtl 2010) are also known as wind tube systems (Christian 1987) or freezing screes (Růžička 1999b; Raska et al. 2011) . Slope wind leads to the formation of perennial periglacial-like microclimates in the shallow depressions of the rocky field (the so-called ice-hollows), with temperatures fluctuating around 0°C during the vegetative season, and with solid ice often present (Růžička et al. 1995; Růžička 1999b Růžička , 2011 Zacharda et al. 2005; Zacharda and Kučera 2006; Raska et al. 2011; Růžička et al. 2012 ). The microclimatic conditions within these ice-forming screes are somewhat different from those of the other MSS types described so far, resembling the microclimatic conditions found in ice caves (e.g., White and Culver 2005) . Nevertheless, these habitats may host species with troglobiomorphic features, which have adapted to these cold environments. In other cases, air-sucking phenomena cause ice consolidation of the debris, but not a complete icing of the interstitial cavities, resulting in a Bstable cave-like climate^in the talus layers above the bedrock, hosting troglobiomorphic biocoenosis (Christian 1985 (Christian , 1986 (Christian , 1987 .
Catacomb deposits
A peculiar MSS-like biotope was recognized by Christian (1998a, b, c) in the gravel floor of the catacombs of St.
Stephen's Cathedral (Vienna, Austria). According to Christian (1998c: 242) : BThe [...] catacomb floor is covered by few centimeters of sandy loam, impregnated with remains of wood, torches and human bones, and compacted by trampling [...] . Although the underlying Pleistocene gravel is mixed with moist fine-grained material and anthropogenic debris, a system of interconnecting air-filled cavities allow the settlement of an interstitial fauna.^The network of airfilled voids seems to provide a suitable habitat for several troglobiomorphic taxa (Christian 1998a) . Moreover, the whole system is sealed from the outside by a layer composed of biogenic material-bones and wood-and gravel (Christian 1998c) . Accordingly, it can be classified among the MSSs (see also Christian and Spőtl 2010) , even if it is probably a locally unique habitat.
Environmental factors Temperature in the MSS
As for caves (Badino 2010) , the microclimatic conditions in the MSS are affected by latitude, altitude, aspect, vegetation cover, nature of the parent rock, and annual rainfall regimes. These parameters alone can determine a wide spectrum of MSS microclimates (see also BEnergy flows^). However, the most important factor is the extent of the insulation from the surface (Juberthie et al. 1980a, b) , i.e., the thickness of the soil cover (Pipan et al. 2011 ). Moreover, a peculiar microclimate may develop under specific environmental conditions, such as in the ice-bearing taluses-see detailed microclimatic characterization in Raska et al. (2011) and Růžička et al. (2012) . There already is a small body of literature which reports temperature measurements in the MSS. Older studies were based on punctual measurements (e.g., Juberthie et al. 1980b Juberthie et al. , 1981a Racovitza 1983; Christian 1987; Crouau-Roy et al. 1992 ) and pointed out that the climatic variability in the MSS is generally reduced if compared with that of nearby surface habitats. Generally speaking, the mean annual temperature was found to become closer to the external annual average with increasing depths (Nitzu 2000; Nitzu et al. 2007 Nitzu et al. , 2010 Nitzu et al. , 2014 Rendoš et al. 2016b ). Thanks to the development of low-cost devices for repetitive measurements (i.e., datalogger devices), it is nowadays possible to characterize the MSS temperatures over long periods of time (Fig. 3) . A very thorough example of this approach can be found in Pipan et al. (2011) . After an intensive datalogger survey, carried out in several MSS sites in Slovenia and in the Canary Island, the authors observed Ba very different picture of the subterranean (hypogean) environment than the usual one found in caves.^While deeper inside caves temperature regime usually varies by a few tenths of a degree to a degree over the year (Badino 2010) , in several occasions MSS showed a strong annual cycle in temperature variation-temperature regimes varied by 10°C or even more. The presence of a daily cycle was instead less pronounced, especially in MSS sites characterized by a thicker soil cover (Pipan et al. 2011) . Similar microclimatic variability was also documented in other sites (e.g., Zacharda et al. 2007; Rendoš et al. 2012; Barranco et al. 2013; Ortuño et al. 2013; Piano et al. 2014; Motta and Motta 2015a; Jiménez-Valverde et al. 2015; Rendoš et al. 2016b ).
According to these observations, MSS thermal regime appears to be somehow transient between the surface-generally variable-and the deepest parts of hypogean environments-generally stable. The thermal variability at the surface seems to moderately affect the MSS, resulting in smoothed, but still present, seasonal variations (Fig. 3) . Such a condition is close to the one found in the outermost portions of caves-liminar and subliminar zone-where the external variability still affects the microclimate (Smithson 1991) . Moreover, Pipan et al. (2011) and Ortuño et al. (2013) report periodical temperature drops below the freezing point. Such conditions are particularly persistent in the ice-bearing taluses (Zacharda et al. 2005) . In this respect, it is worth m e n t i o n i n g t h a t c o l d r e s i s t a n c e -i n t e r m s o f supercooling point-is usually higher in species that preferentially dwell in the MSS and in the vicinity of cave entrances rather than inside caves (Novak et al. 2014) .
There is, however, an important caveat in the interpretation of the data provided by dataloggers mentioned so far. Temperature was usually measured very close to the surface; in particular, the maximum recorded depth is 0.75 m in Pipan et al. (2011) , 0.20 m in Barranco et al. (2013) , 0.30 m in Ortuño et al. (2013) , 0.75 m in Nitzu et al. (2014) , 0.80 m in Piano et al. (2014) , and 1 m in Gilgado et al. (2014) . For comparative purposes, in shallow soil strata (0.04-0.10 m), Berg et al. (1998) reported a maximum temperature range of 25°C. Given the evidence that the influence of external conditions decreases with the increase of depth, it appears likely that at higher profundity the temperature in the MSS should progressively converge with the external annual averagei.e., a cave-like climate.
Relative humidity in the MSS
Humidity is considered to be one of the most important ecological limiting factors in the hypogean domain (e.g., Howarth 1980; Latella and Stoch 2001) . According to the Clapeyron equation, a closed system at the equilibrium, with free water surfaces, always attains the vapor equilibrium pressure whose value only depends on temperature; thenceforth, humidity in the thermal-stable caves' atmospheres is generally at the equilibrium (Badino 2004 (Badino , 2010 . On the contrary, although being generally higher than at the surface (Gilgado et al. 2011) , the higher thermal variability of the MSS implies higher variability in humidity (Pipan et al. 2011) .
Hitherto, relative humidity in MSS has been rarely measured, mainly because of the limitations imposed by the physical conditions occurring underground, preventing the sensors from functioning correctly (i.e., saturation of water vapor; Badino 2004 Badino , 2010 .
In the study of Ortuño et al. (2013) in Spain, values of relative humidity in an alluvial MSS were always above 80 % and presented little variation during the year. Similar ranges were also reported in bare colluvial deposits and colluvial MSS in Europe, namely around 85 % (Nitzu 2000) , 85-97 % (Nitzu et al. 2010 ), 73.8-90.3 % (Nitzu et al. 2014 , and 80-100 % (Piano et al. 2014) . On the other hand, Gilgado et al. (2014) reported a more variable condition in the Moncayo Massif (Zaragoza, Spain). In this case, relative humidity varied seasonally, with significant drops in spring and summer. In bare colluvial MSS, Barranco et al. (2013) Mammola et al. (2015a) , and Motta and Motta (2015a, b) at a depth of 0.20 m. During the summer, this parameter dropped below 30 %, probably because of the effect of solar radiation on the surface of the scree.
Trophic resources
Unlike in caves, where sunlight may sustain very poor primary production in the vicinity of the cave entrance, the MSS is characterized by the complete absence of light and photoperiod. The MSS generally relies on allochthonous energy inputs (Juberthie 1983; Culver and Pipan 2009b) . Given the vicinity to the surface, resources in the MSS may be more abundant than in caves Pipan 2009a, b, 2014) . Trophic inputs mainly derive from epigean environments (e.g., Crouau-Roy et al. 1992) , and thus energy flow in the MSS is influenced by seasonal fluctuations (Romero 2012) . Organic carbon enters the MSS by means of (i) water (hydrochoric transportation), (ii) gravity (gravitational transportation), and (iii) active animal migrations from the surface or from the deep hypogean domain (biochoric transportation).
Infiltrating water is usually rich in soluble organic matters and suspended particles (Gers 1998) . In particular, food may enter the MSS via dissolved organic carbon (DOC), fine particulate organic matter (FPOM), and coarse particulate organic matter (CPOM) (Novak et al. 2013 ). Nevertheless, carbon and nitrogen concentration decreases strongly with depth and becomes apparently nonmeasurable in the MSS (Gers 1998) , suggesting that very low amounts of organic matter are introduced through this route. Moreover, dry periods may prevent organic inputs (Rendoš et al. 2012) , whereas during heavy rains, dead arthropods, eggs, and excrements may be drifted in with the flow of meteoric water (Juberthie 2000; Juberthie and Decu 2006) . On the other hand, active migrations of animals from the superficial layers and from the hypogean domain contribute significantly to the carbon inputs in MSS Crouau-Roy et al. 1992; Howarth 1993; Gers 1998 ). It appears likely that epigean arthropods occurring occasionally in subterranean habitats are the main drivers of carbon mobilization in MSS (Howarth 1993; Novak et al. 2013 ; see detail in BMSS fauna^), although abundant MSS organism, such as Collembola and Acari, may represent an additional significant source of nutrients (Jiménez-Valverde et al. 2015) .
Additional trophic resources for certain species are represented by fungal hyphae (Galán 2001 (Galán , 2003 and plant roots (Domingo-Quero and Alonso-Zarangara 2010; Novak et al. 2012) , which penetrate in the deep rocky layers.
Outline of the physics of the MSS Energy flows
Because of the proximity to the surface, insolation is the primary factor influencing temperature in MSS. Considering a maximum solar irradiance of about 1.4 kW/m 2 and keeping into account latitude (45°), aspect (south), slope (45°), albedo (0.5), deposition period (12 h/day), and neglecting cloud and vegetation effects, we can calculate a mean value of energy deposition ranging from 50 to >250 W/m 2 , depending on the geographic area (Fig. 4) .
Part of this energy is dissipated by convective motions in the atmosphere, while most of it is transferred in form of heat to the deeper layers of the ground. Logically, the transmission of the heat depends on the insulation provided by the superficial layer, the heating being maximum for dry and bare surfaces, for which daily ranges may reach 50°C or more (Badino 2010) . Temperature ranges become significantly lower and decrease exponentially in function of the topsoil thickness and local thermal properties-conductivity, diffusivity, heat capacity, texture-and its relative humidity. In standard Fig. 4 Annual mean insolation at the Earth surface-raw data derived from Kriticos et al. (2012) . Because of the proximity to the surface, insolation is the primary factor influencing temperature in MSS. Part of this energy is dissipated by convective motions in the atmosphere, while most of it is transferred in form of heat to the deeper layers of the ground conditions, deeper than 1 m, diurnal variation becomes insignificant. At higher depths-scores of meters-also annual ranges become extremely low. If we consider a sinusoidal thermal wave-function of time-propagating from the surface into a homogeneous substrate, we can study the thermal profile of the thermal disturbance-i.e., the local variation of temperature due to the interaction of the heat wave with the substrate material-in function of depth, by analyzing Fourier's equation which describes the thermal conduction:
where T is the temperature, t is the time, Kr represents the conductivity, C is the heat capacity at constant volume, ρ is the density, α is the diffusivity, and z is the depth.
The propagation of an energy flux W through an ideal solid is directly proportional to the temperature difference between the two surfaces, marking its upper and lower boundaries, directly proportional to the conductivity of the material and inversely proportional to its thickness:
The amplitude of the heat wave at a certain depth (A) is related to the heated surface (As) by an exponential relation:
where d is the Bdamping depth,^defined as the depth at which the amplitude of the thermal wave is reduced by an e factor (about 37 %). The e factor depends on the diffusivity of the material and on the period of the disturbance (τ) and is independent from the amplitude of the sinusoid:
Therefore, for a given material, daily disturbance will be about 19 times (square root of 365 days in a year) less penetrating than the annual one. When simulating this process on different materials, we find that, in compact granite substrate, damping depths are of the order of 20 cm for the daily and 4 m for the annual disturbance, while the speed of the heat propagation is in the range 10 The phase lag relative to the surface wave, and consequently also to the delay of thermal maximum and minimum, increases in proportion to depth, until a complete reversal of the wave phase at z = πd is reached. This explains why, at very high depths-deep karstic systems-temperature maximums and minimums occur months later compared to the outside. Nonetheless, for compact granite, a nearly complete isolation from the outside diurnal disturbance is expected at depths of a few centimeters. Such an argument considers an important approximation for solid, compact, and homogeneous rock without fractures and impermeable to fluids. For hypogean systems, we may estimate the insulation by defining the value Q as an Battenuation factor,^in analogy with the Bquality factor^used in electronics:
s in which we consider the ratio between the mean external temperature (TA) and the internal temperature range (ΔT). The higher the Q is, the higher the insulation is. Typical Q values for alpine caves are of the order of 100-150, or even morecorresponding to 0.1-0.3°C seasonal ranges (Badino 2010) . For superficial habitats, such as the MSS, Q is very low (few units) because of the relatively high annual range (>10°C). Logically, also the phase lag of thermal waves is directly proportional to Q.
Moving from an ideal approximation to a more realistic one, we have to consider the role of fluid fluxes in the interstices and fractures. When considering air (20.5 × 10 −6 m 2 /s) and water (0.14 × 10 −6 m 2 /s) diffusivities, we find that they are about ten times higher and lower than solid rock, respectively. Therefore, in purely conductive heat transport, damping depth in water-filled fractures should be almost three times lower than in the compact substrate and three times higher in empty-air-filled-voids (Badino 2010) . However, in the millimetric or larger fractures, which are typically found in MSS, fluids act as convectors, increasing the efficiency of thermal exchanges, due to the higher transport speed of convective motions in comparison with conduction. In the presence of air-filled voids, the final result is a general and significant rise of the damping depth d.
On the other hand, in sub-millimetric interstices, surface effect becomes the main transport phenomenon; due to capillarity, microfractures are filled with a column of water H, inversely proportional to its diameter h:
where σ is the surface tension and ρ is the density. In particular, in interstices narrower than 10 μm, the filling fluid can be considered motionless and convection or substance transport are nearly absent-i.e., pure conduction.
Water seepages certainly have a predominant role in defining thermal exchanges and in fixing the internal temperature. That is due to the heat capacity-at constant volume-of water, which is, for mass unit, about four times higher than air (4.2 vs 1 kJ/K kg). Considering the entity of the fluxes in alpine karstic systems, this involves, in the case of water, a contribution of thermal energy that is almost one order of magnitude greater than air. This estimate is more correct if we consider deeper, more isolated, and, logically, more rainy climates. That being said, the role of air fluxes is often very important-in speed and volume-and cannot be excluded, especially when considering superficial habitats, dry environments, or drainage conditions. Furthermore, if the air blowing into an hypogean system has high relative humidity, we have to take into account the role of the latent heat of evaporation, which is more than two times greater than the sensible heat (2.4 vs 1 kJ/K kg)-i.e., the heat exchanged in consequence of a temperature variation, given by the product of ΔT and the specific heat. The relative humidity of the air blowing into a hypogean system largely depends on barometric and convective circulations, which follow seasonal trends in relation to pressure, density and temperature gradients between the inside and the outside. Moreover, they are strongly influenced by location and morphology, so their behavior and their energetic contribution need to be studied in each particular case.
In order to provide a general frame of the contribution of convective transport to the energy flows in the MSS, we have to measure the flux speed inside fractures, in a similar way to Poiseuille's relation for pipes.
Let a be the fracture width, d and L its dimensions perpendicularly and parallel to the fluid flow. The relation between the total discharge Q and the pressure drop ΔP at its ends is obtained by:
The average speed (v) is given by Q divided by the fracture surface (ad), then
Including the definitions of pressure gradient in a vertical fracture for air and water, respectively:
We obtain the average fluid speed in function of the fracture width (a):
If we analyze the values obtained by substituting the fractures width in the equations, we find that, for millimetric and centimetric fractures, typical fluid speeds associated to convective motions are of the order of 10 −4 -10 −2 m/s, three or four orders of magnitude higher than conductive disturbance. Instead, for sub-millimetric interstices, speeds are comparable or even lower. This shows why the only fractures having a key role in the energetics of MSS are those larger than 1 mm, with a strong dependence on percolation level.
Physical classification of the air-filled interstices
For the study of the energy flows in subterranean environments, we propose a general classification on the base of the diameter (d) of the air-filled interstices-from human-sized cracks to soil interstices. Indeed, the dimension of the interstices plays a crucial role in the thermal transport processes, such as conduction and convection. In other words, percolation within a fractured or fragmented system defines the magnitude of the heat exchanges, and consequently the thermal energy of the system. For this reason, and by analogy with the ecological classification proposed by Howarth (1983) , from an energetic point of view, we can categorize the hypogean habitats in three classes:
. S u b -m i l l i m e t r i c s y s t e m s ( d < 0 . 0 0 m ) -
microcavernous sensu Howarth (1983) -generally associated with soils. The surface effects dominate the transport processes, given that micrometrical interstices are often filled with water because of capillarity. Due to surface tension and friction, fluids can be considered motionless and substance transports, as well as convection processes, are negligible. However, especially in very dry zones, capillary rise may play an important role in determining humidity. In these conditions, heat transfer depends exclusively on conduction, with a propagation speed of the order of micrometers per second (μm/ s), depending on the duration of the perturbation and on the conductive properties of the system (i.e., function of porosity, permeability, conductivity, and diffusivity). Temperature depends primarily on insolation, secondarily on the temperature of infiltration water. In relation to the proximity to surface, temperature ranges can be very high (see, e.g., Berg et al. 1998 ). -10 −2 m/s, depending on the level of percolation.
Water represents the most important factor in fixing the temperature of the system-especially in temperate zones with an amount of precipitation of 1000 kg/m invasions of the fracture network. On the other hand, in extremely dry or desert conditions, air circulation is strongly involved in processes of heat transfer, especially fracture networks not invaded by water or in direct connection with the outside environment. When considering MSS systems, ranges of annual mean temperature are about 10-15°C (e.g., Fig. 3; Nitzu 2000 ; Nitzu et al. 2007 Nitzu et al. , 2010 Nitzu et al. , 2014 Pipan et al. 2011; Motta and Motta 2015a) . 3. Super-decimetric systems (d > 0.1 m)-macrocavernous sensu Howarth (1983) -associated with karstic systems and caves. Transport processes can be very complex and strictly connected to macroclimatic factors-latitude, longitude, altitude-and morphology. In the case of deep and mature karst, the temperature of the system is fixed almost exclusively by water-infiltrating water, hypogean streams, and lakes. Barometric and convective air circulation becomes important or predominant in young karst, in proximity of the openings and in thermal traps, where heat sedimentation may create peculiar microclimates (Badino 2010) . Due to high insulation, temperature and humidity variations-both daily and seasonalcan be very small (Moore and Sullivan 1964; Smithson 1991; Badino 2010) . The great variability associated with karstic systems often implies further variations determined by morphology (Badino 2005) , light penetration, and availability of trophic resources (Culver and Pipan 2009b) .
MSS fauna Biological investigations
Most of the studies on MSS are European. Intensive studies were conducted in France (Juberthie et al. 1980a (Juberthie et al. , b, 1981a (Juberthie et al. , b, 1990 Bareth 1983; Delay et al. 1983; Genest and Juberthie 1983; Gers 1986 Gers , 1989 Gers , 1992 Gers , 1993 Gers , 1998 Crouau-Roy 1987; Crouau-Roy et al. 1992) , Spain (Fresneda and Hernado 1994; Ortuño and Toribio 1994; Fresneda et al. 1997; Carabajal et al. 1999; Fresneda and Escola 2000; Galán 2001 Galán , 2008 Galán and Nieto 2011; Ortuño and Valverde 2011; Fresneda and Bourdeau 2012; Barranco et al. 2013; Enghoff and Reboleira 2013; Ortuño et al. 2013 Ortuño et al. , 2014a Rizzo et al. 2013; Gilgado et al. 2014 Gilgado et al. , 2015a Gilgado and Ortuño 2015; Jiménez-Valverde et al. 2015) , and Romania (Juberthie et al. 1981b; Nitzu 2000 Nitzu , 2012 Nitzu , 2016 Nitzu et al. 2014, Babalean and Ilie 2003; Giurginca and Ilie 2003; Ilie 2003; Ilie et al. 2003; Nitzu and Ilie 2003; Nae 2008; Popa 2010; Nitzu et al. 2010 Nitzu et al. , 2014 ; see also Negrea and Boitan 2001 for an overview of the MSS fauna sampled before 2001). In Greece, the MSS-dwelling beetles were intensively studied by Casale et al. (1996) and Giachino and Vailati (2010) . According to Reboleira et al. (2011) , MSS has never been studied in Portugal, except for a single collection of specimens reported in taxonomical papers (e.g., Reboleira and Enghoff 2014) . Several studies were also conducted in Austria (the main works are reviewed in Christian and Spőtl 2010), Slovakia (Rendoš et al. 2012 (Rendoš et al. , 2014 (Rendoš et al. , 2016a , Belgium (Dethier et al. 2002; Ducarme et al. 2004; Janssens and Dethier 2005; Baert et al. 2009; Bareth and Dethier 2009; Skubala et al. 2013) , Bulgaria (Giachino 1995; Deltshev et al. 2011; Langourov et al. 2014) , Czech Republic (Růžička and Hajer 1996; Růžička et al. 1995 Růžička et al. , 2012 Růžička et al. , 2013 Růžička 1996 Růžička , 1999b Růžička , 2000 Růžička , 2011 Tuf et al. 2008; Laška et al. 2011; Kopecký and Tuf 2013) , Italy (Monguzzi 1982 (Monguzzi , 2011 Casale and Rondolini 1983; Casale and Giachino 1988; Vailati 1990; Latella and Rampini 1994; Monguzzi and Regalin 2001; Magrini et al. 2012; Monzini 2013; Piano et al. 2014; Mammola et al. 2015b Mammola et al. , 2016 , and Slovenia (Pipan et al. 2011) . Within the Macaronesian archipelagos, the Canary Islands were studied intensively. Since the first recognition of the presence of MSS (Oromí et al. 1986 ), several sampling campaigns have been carried out and several new species have been described (Oromí et al. 1989; Oromí 1990, 1991; Izquierdo and Medina 1992; Arillo et al. 1994; Vicente and Enghoff 1999; Vit and Oromí 2004; Assing 2005; Frisch and Oromí 2006; Arnedo et al. 2007 Machado 2008 Oromí et al. 2010; Mahnert 2011; Pipan et al. 2011; Enghoff 2012 Enghoff , 2013 Gilgado et al. 2011; Machado and López 2015) . A few studies also focused on MSS in the Azores and Madeira (reviewed in Oromí 2004; Serrano and Borges 2010; Reboleira et al. 2011) . Outside Europe, the MSS was intensively studied in Japan by Uéno and collaborators from the 1980 onward (Uéno 1980 (Uéno , 1981a (Uéno , b, 1982 (Uéno , 2003a (Uéno , b, c, d, 1985b (Uéno , 1992 (Uéno , 1998 (Uéno , 2003a (Uéno , b, 2009 Uéno and Lafer 1992; Watanabe 1986; Ishikawa 1987; Kasahara and Ito 1987; Ito 2002, 2005; Uéno and Masato 2000; Uéno and Naito 2006) . Other MSS records are also available from Australia (Halse and Pearson 2014) , China (Masumoto 2001; Deuve 2014) , Israel (Timm et al. 2008; Assmann et al. 2015) , eastern Russia (Uéno et al. 1995) , Taiwan (Uéno 1991) , Turkey (Casale and Giachino 1989; Casale 2011) , and the USA (Derkarabetian et al. 2010) . Occasional specimens were also collected in MSS in New Zealand (Townsend 2010) and in the Ascension Island (Ashmole and Ashmole 1997) .
Faunal composition
Biological exploration of MSS mainly refers to invertebrates. Records of vertebrates are scarce (Nae and Nae 2009; Nae 2010; Barranco et al. 2013) , as well as data on the mycoflora and on bacterial communities (Galán 2001 (Galán , 2003 Santamaria et al. 2014) .
As for species level, it can be observed that samples differ enormously from region to region, for obvious biogeographical reasons-i.e., isolation and speciation phenomena. Quite remarkably, however, animal communities dwelling in MSS in the same region appear to be very similar, as found by Pipan et al. (2011) in the Canary Island (Teno, La Guancha), by Rendoš et al. (2012) and Nitzu et al. (2010 Nitzu et al. ( , 2014 in the Carpathians (Slovakia and Romania, respectively), and by Ortuño et al. (2014b) and Gilgado et al. (2014) in the Moncayo Massif (Spain) and in several sites in France (see, e.g., Juberthie and Decu 2006) and Bulgaria (Langourov et al. 2014) .
Most of the invertebrates found in MSS are arthropods and gastropods. Among arthropods, the most represented groups are Entognatha (mainly Collembola), Insecta (mainly Coleoptera, Diptera, Hymenoptera), Arachnida (mainly Araneae, Opiliones, Acari), Myriapoda (mainly Chilopoda, Diplopoda, Symphyla), and Isopoda (mainly woodlouse). Besides these major groups, Oligochaeta, Thysanoptera, Plecoptera, Mecoptera, Blattaria, Orthoptera, Lepidoptera, Scorpiones, and Pseudoscorpiones were also collected. Among the species dwelling in MSS, all the main classical ecological categories of cave-dwelling organisms sensu Martìn et al. (2001) and Sket (2008) are represented. For this reason, it was hypothesized that MSS represents a unique hypogean ecotonal biotope, in which both Bcave^dwellers (troglobionts) and epigean/edaphic elements (so-called trogloxenes) are represented (Juberthie 2000) . Other authors disagree with this point of view (Giachino and Vailati 2005, 2010) , as they consider the MSS as a subterranean habitat on his own, and not a transitional one. It is clear that the/an exchange of fauna between MSP and MSS can occur because the two habitats are in contact (Juberthie et al. 1981a ; see also Crouau-Roy 1987; Gers 1998; Lencioni et al. 2010 ). However, solid compact rocks may prevent the exchange of fauna between the MSS and the deep hypogean layers (Sendra et al. 2014) . At the same time, migration may occur between the MSS and the superficial soil layers Gers 1998) . Accordingly, (i) MSS can be frequently Bcontaminated^by epigean species and edaphobionts; (ii) MSS faunal composition is dynamic, varying both in time (seasons), and space (depth).
The massive presence of epigean species in MSS is indeed a constant feature in the studies carried out so far (Medina and Oromí 1990; Crouau-Roy et al. 1992; Gers 1992 Gers , 1998 Borges 1993; Růžička and Thaler 2002; Nae 2008; Deltshev et al. 2011; Pipan et al. 2011; Nitzu et al. 2011 Nitzu et al. , 2014 Barranco et al. 2013; Halse and Pearson 2014; Langourov et al. 2014; Ortuño et al. 2014a, b; Piano et al. 2014; Jiménez-Valverde et al. 2015; among others) . Similarly, the same thing occurs in the entrance zone of caves, where the presence of external elements is by no means extraordinaire (Prous et al. 2004 ). Most of these accidental species are able to coexist with the troglobionts in the upper layers of the MSS (Ortuño and Gilgado 2010; Novak et al. 2012) , resulting in an enriched number of species near the surface (Rendoš et al. 2012 ) and, at the same time, in a higher prevalence of troglobiomorphic species with increasing depths (Růžička et al. 2013: 137) . On the contrary, the total abundance of individuals and species richness generally decrease with increasing depth (e.g., Gers 1992 Gers , 1998 Berg et al. 1998; Nae 2008; Culver and Pipan 2009b; Rendoš et al. 2012 ), due to the minor prevalence of surface fauna at lower levels (Rendoš et al. 2012) or as the result of the decrease in available organic matter with increasing depth (Gers 1992 (Gers , 1998 .
Still the question remains why the amount of epigean and edaphic species in the MSS can be so high. Medina and Oromí (1990) pointed out that the amount of epigean species depends on the selection of the sampling site. When a wrong sampling site is chosen (e.g., not deep enough, lacking a soil cover) epigean elements dominate the sample, simply because the traps did not reach the MSS. While this may seem self-evident, such a simple statement is important since the geomorphological nature of the MSS is not always unambiguous.
It was also observed that the presence of external fauna also depends on the porosity of the MSS, a feature which reflects its penetrability (Gilgado et al. 2011; Barranco et al. 2013 ). This is particularly true for bare colluvial MSS with large voids-boulder accumulations-where even vertebrates have been collected in the subterranean traps-e.g., shrew mice (Mammalia, Soricidae) (Nae and Nae 2009; Nae 2010). On the contrary, more isolated and sealed types of MSS are less frequently colonized by epigean elements (Barranco et al. 2013) . Regarding epigean and troglophile predatory beetles, Casale (1988) and Gilgado et al. (2011) hypothesized that they are frequently found in the MSS because of the high availability of resources and the minor presence of other predators (e.g., Christian 1987; Gilgado et al. 2011; Rendoš et al. 2012 Rendoš et al. , 2014 Langourov et al. 2014) .
Species commonly found in the rhizosphere-e.g., root feeders-may occur in MSS (Juberthie et al. 1980a, b; Machado 2008 ; Domingo-Quero and Alonso-Zarangara 2010; Novak et al. 2012 ) as a consequence of the presence of roots even at 4-6 m in depth in temperate regions (Canadell et al. 1996) . In this respect, Novak et al. (2012) hypothesized that the MSS fauna mainly consists of randomly distributed non-troglobionts and a major group of troglobionts adapted to the soil root zone. Moreover, Galán (2001 Galán ( , 2003 described a peculiar MSS biocenosis constituted, among others, of Diptera Mycetophilidae associated to the fungal hyphae growing on the roots-Ascomycetes and Actynomicetes. Finally, external species may passively reach the MSS via hydrochoric transportation being drifted in with the flow of meteoric water (Juberthie and Decu 2006) .
Focusing on the temporal perspective (e.g., seasonality), it was hypothesized that MSS can act as a refuge in order to avoid temperature extremes (Pipan et al. 2011) . For instance, during the summer, Nitzu et al. (2011 Nitzu et al. ( , 2014 ) observed a significant increase of the abundance of several taxa in MSS, as a consequence of the downward migration of many edaphic species in response to the hot and dry conditions. Focusing on spiders, Nae (2008) observed an increase in diversity as a consequence of the summer migration of epigean species in MSS. Nevertheless, underlying the importance of the seasonal climate as a trigger for the activity of several MSS dwellers, Rendoš et al. (2012) reported a slightly different scenario. The activity of Coleoptera and Diptera in MSS was interrupted during the winter and summer period, while it culminated both in spring and autumn.
Analyzed together some or even all these explanations justify the presence of external and edaphic elements in MSS, playing an important role in structuring the subterranean trophic web.
So far, we have mainly focused our attention on the species that occasionally occupy MSS and hardly complete their entire life cycles therein-i.e., reproduction activities. Such species usually lack specific morphologic and physiologic adaptations to the hypogean life.
The presence of hypogean species exhibiting morphological and physiological adaptations has been widely reported. According to Christiansen (2005) and Juberthie and Decu (2006) , in the/a MSS, it is possible to find most, if not all, representatives of the fauna found in caves.
This implies that the amplitude of the ecological niche-in term of spatial distribution-of several Bcavet axa is potentially wider (Ortuño and Toribio 1994; Arnedo et al. 2007; , since they are able to colonize both the cave habitat and the MSS. Such an argument can also explain why caves which are far from each other host similar fauna (Oromí 2004) . Gaps observed in the distribution of several hypogean taxa may be therefore only apparent, due to a reduced/ uncompleted sampling in the superficial subterranean habitats (Arnedo et al. 2007; Giachino and Vailati 2010) . Concerning this topic, Romero (2012: 10) pointed out that B[...] to better understand how caves work from an ecological viewpoint we need to look at it in a holistic way that includes the external ecosystems with which they interact.Â t the same time, it was also hypothesized that certain specialized elements are exclusive of MSS (Chapman 1985; Casale 1988; Izquierdo and Medina 1992; Fresneda and Hernado 1994; Fresneda et al. 1997; Assing 2005; Vit 2005; Mahnert 2011; Monguzzi 2011; Magrini et al. 2012; Enghoff 2013 , 2014a Nitzu et al. 2014; among others) , given that they were only occasionally found in caves (Fresneda et al. 1997; Magrini et al. 2012) . Moreover, Laška et al. (2011) and Růžička and Dolanský (2016) hypothesize that certain spiders dwell exclusively at specific MSS depths. In addition, records of larval stages and eggs (e.g., Juberthie et al. 1980b; Crouau-Roy et al. 1992; Gers 1993 Gers , 1998 Galán 2001; Babalean and Ilie 2003; Gilgado et al. 2011; Mahnert 2011; Rendoš et al. 2012 Nitzu et al. 2014 ) of several invertebrates confirmed the occurrence of reproduction activities in MSS, thus proving that certain species complete their life cycle within the system. Some authors hypothesized that troglobiomorphic species encountered in caves spend most of their life in the neighboring network of fissures systems and thus formally Bbelong^to the MSS fauna. For this reason, they consider the MSS and the network of fissures in the bed rock as the real habitat of the specialized hypogean fauna and the caves as Bwindows^which are accessible to man (Racovitza 1907; Oromí 2004; Giachino and Vailati 2005 , 2006 , 2016 Moseley 2009; Monguzzi 2011) . This can be actually true in the case of small arthropods, which are active both in caves and in the interstitial habitats. When considering organisms needing wider interstices, the concept should be slightly revised in terms of occupation of the spatial niche. It is clear how a big orb weaver spider, for example, needs wider interstices and larger fissures to spin its web (Isaia et al. 2011) . For instance, large orb weaver spiders can be found, other than in caves, in MSS habitats characterized by large voids, such as bare stony debris and boulder fields (Růžička 1990 (Růžička , 1996 Růžička and Klimeš 2005; Laška et al. 2011; Růžička et al. 2013) . The same concept is to hypogean guanobionts, which prefer larger cavities with guano rather than small fissures within rocks.
As for epigean elements, the density of troglobiomorphic species in MSS can vary and may show wide seasonal fluctuations (e.g., Racovitza and Serban 1982; Chapman 1985; Crouau-Roy 1987; Crouau-Roy et al. 1992; Polak 2012; Mammola et al. 2015a) . Regarding seasonal dynamics, Crouau-Roy et al. (1992) observed how the abundance of Speonomus hydrophilus (Coleoptera, Cholevidae) underwent a significant decline both in winter and summer, when temperatures were lower than 2°C and higher than 16°C, respectively. In response to seasonal changes Speonomus can move cyclically deeper into the MSS from the outmost to the innermost layers (Crouau-Roy 1987) . Similarly, in an Italian cave Lencioni et al. (2010) noticed how the abundance of the specialized beetle Neobathyscia pasai (Coleoptera, Cholevidae) decreased significantly in summer, because of a possible migration in the MSS in response to increased values of temperature. In the Hawaiian islands, Chapman (1985) observed that certain highly vagile specialized species were able to appear and disappear rapidly in the cave, visiting the larger chamber from the adjacent labyrinth of voids to exploit higher resources in the cave and taking shelter in the MSS in response to any kind of physiological stress.
Sampling methods

Available sampling techniques
MSS can be sampled actively and passively. Active sampling consists in digging to the desired depth or in turning big stones embedded in the ground up to the MSS (Domingo-Quero and Alonso-Zarangara 2010). When a suitable depth is reached, fauna is generally hand-collected or gathered using an aspirator. Alternatively, the rocky substrate can be sampled and the fauna can be separated by flotation (see, e.g., Marshall et al. 1994) .
This Bdig and search^approach was historically adopted by Uéno and colleagues to collect MSS fauna in Japan (e.g., Uéno 1987 ) and furthermore applied from time to time (e.g., Karaman 2009; Monguzzi 2011; Sugaya and Yamasako 2014) . It offers reliable means of standardization by sampling a defined area of substrate (Marshall et al. 1994 ).
The majority of MSS studies are based on passive methods, i.e., by buried pitfall traps or using the so-called Subterranean Sampling Devices (SSDs).
The easiest way to reach a MSS is through slope boring or by vertical digging. The first consists in digging a horizontal hole in a bank (Fig. 5a ), preferably in fresh cutting edges along roads or in small river banks (e.g., Uéno 1980 Uéno , 1987 Machado Carrillo 1992; Vit and Oromí 2004; Domingo-Quero and Alonso-Zarangara 2010; Giachino and Vailati 2010) . The latter consists in digging a simple vertical hole (Juberthie et al. 1980a, b; Fig. 5b) . When the MSS is reached, an ordinary pitfall trap is placed inside the hole and the whole vacuum is refilled and sealed with stones and soil. Since the trap is embedded in a rocky substrate, it easily deforms and the use of standard pitfall traps (e.g., a plastic beer glass) is not recommendable. Valuable alternatives are glass (Giachino and Vailati 2010) or rigid plastic jars (Růžička 1982 (Růžička , 1988 ). An additional improvement of the trap has been proposed by Růžička (1982: 3, f. 3-4) , consisting in a horizontal board-i.e., an artificial surface-surrounding the trap opening. Once the trap is buried, it is recommended to put a signal in order to relocate the trap (e.g., Machado Carrillo 1992) . One of the most secure signals is a woolen thread that goes from the trap to the external layers (BAdriadne's thread^sensu Giachino and Vailati 2010) , which then has to be followed during retrieving.
The before mentioned sampling methods are mostly suitable for faunistic investigations, in which each sampling point is generally used once and the sole purpose of the researcher is to obtain as many specimens as possible. Instead, they are inadequate for repetitive studies, taking into account the temporal perspective-e.g., investigation of the phenology and the seasonal dynamics. Oromí (1990, 1991) observed that when pitfall traps buried in MSS are repeatedly renewed, there is a considerable disturbance due to the López and Oromí (2010) ; d SSD sensu Schlick-Steiner and Steiner (2000) ; e SSD sensu Nitzu et al. (2010) collapse and the perturbation of the substratum. In such circumstances, subterranean sampling devices should be used ( Fig. 5c -e; Růžička and Dolanský 2016: 43, f. 1). SSD devices consist of multiperforated plastic pipes-usually made of PVC-long enough to reach the desired MSS depth, with a silicone cap closing the pipes at the top. The PVC tube must be buried vertically in the ground in such a way that the holes along the tube correspond to the MSS layers and the closing cap is located on the surface (Fig. 5c) . A pitfall trap is placed inside the tube, at the bottom (Fig. 5e) . The small holes drilled along the surface of the tube allow the fauna to access the tube and eventually fall into the trap; at the same time, the trap can be recovered, emptied, refilled, and replaced through the closing cap, ensuring that the substrate is not mechanically excavated each time.
Instead of placing a standard pitfall trap inside the tube, a plastic tray that fits the pipe's diameter can be used ( Fig. 5c ; see also López and Oromí 2010: 9, f. 2) . A nylon thread should be anchored to the tray as a handle, allowing the researcher to easily lower the tray into the tube and retrieve it from the bottom.
The plastic tray system is particularly useful if the sampling depth-i.e., the length of the PVC tube-is greater than an arm's length. A detailed description of SSD is found in López and Oromí (2010) and an Binstruction guideline^to construct it is provided in Domingo-Quero and Alonso-Zarangara (2010). As far as we know, the first SSD prototype was conceived by Gers (1992 Gers ( , 1998 , later modified in different ways by Owen (1995) , Schlick-Steiner and Steiner (2000) , López and Oromí (2010) , and Růžička and Dolanský (2016) . Nowadays, the SSD designed by López and Oromí seems to be the most commonly adopted (e.g., Gilgado et al. 2011; Mahnert 2011; Enghoff 2012 Enghoff , 2013 Ortuño et al. 2013; Fig. 5c) .
Since the pitfall trap within the SSD can be emptied at precise temporal intervals, researchers may obtain insights on the temporal dynamics of the biological communities inhabiting MSS. However, because the pipe is multiperforated along its whole length, such a sampling device does not give any clue on the precise depth at which a species is capturedi.e., the spatial dynamics. To address this particular problem, two alternative versions of the SSD can be adopted. One is to bury a long PVC pipe hosting several sampling levels at increasing depth (Schlick-Steiner and Steiner 2000; Laška et al. 2008 Laška et al. , 2011 Tuf et al. 2008; Rendoš et al. 2012 Rendoš et al. , 2014 Kopecký and Tuf 2013) . At each level, the presence of a straight row of holes and a corresponding pitfall trap allows to sample each depth separately (Fig. 5d )-see also the detailed description in Schlick-Steiner and Steiner (2000) and the explanatory photos in Kopecký and Tuf (2013: 107, f. 1-2) . The number of sampling levels can vary in accordance with the purposes of the study, e.g., three levels in Laška et al. (2011) and ten in Rendoš et al. (2012 Rendoš et al. ( , 2014 . However, this setup involves a spatial dependence between each sampling level, which should be taken into account during data analysis. To avoid this problem, it is possible to pierce the sampling holes at a fixed distance from the lower end of the tube (Nitzu et al. 2010 (Nitzu et al. , 2014 Deltshev et al. 2011; Langourov et al. 2014; Piano et al. 2014; Fig. 5e) and to place several SSDs in order to provide independent samples. In this way, only the crossed spatial dependences between the SSDs within the study area have to be taken into account, avoiding any intra-SSD spatial dependence.
Temperature/relative humidity dataloggers can be associated with the SSD (e.g., Pipan et al. 2011; Rendoš et al. 2012; Barranco et al. 2013; Ortuño et al. 2013 Ortuño et al. , 2014b Nitzu et al. 2014) in order to provide a microclimatic characterization of the sampled layers. An additional improvement is to insert a styrofoam cylinder within the PVC tube. In order to provide insulation, it should fill the tube completely (Piano et al. 2014) .
In the case of the alluvial MSS, SSDs can be implemented to auto-save the pitfall inside the tube in case of an increase of the phreatic level due to unpredictable flooding (details in Ortuño et al. 2013) .
Another methodology adopted by other authors to sample the MSS (e.g., Nitzu 2000; Babalean and Ilie 2003; Giuginca and Ilie 2003; Ilie 2003 Nae 2008; Nitzu et al. 2010) consists in digging artificial microcaverns (MCVs) in the MSS. The artificial MCV should be big enough to allow the researcher to enter-at least with an arm-but caution must be taken because the ceiling may collapse (Nitzu, personal communication) . On the floor of the artificial MCV, standard pitfall traps are placed and the entrance is sealed with the stones removed during the excavation, forming a wall-see explanatory figure in Nitzu et al. (2000: 75; 2010: 45) . A plastic cover is further laid on the stony wall to provide additional insulation of the MCV, and the whole entrance is covered, in turn, with soil (Nitzu 2000) . The wall can be removed and rebuilt at each trap replacement.
Finally, Uéno (1987) observed that subterranean artificial systems may represent ideal Bwindows^on MSS, given that the network of fissures can be intercepted during excavation. Similarly, Halse and Pearson (2014) took advantage of holes drilled in iron ore deposits to collect subterranean fauna (so-called scaping sampling method). Since the MSS is not directly accessible to man unless by indirect means, the MSS fauna can indeed be studied in caves and tunnels connected to the MSS (Polak 1997) from the animal's point of view, a cave is nothing but a wide fissure. This means that, without being aware of it, subterranean biologists have used the natural and artificial cavities as proxies of the Breal^subterranean habitat for a long time (Moseley 2009 ).
General considerations
Because the MSS is not directly accessible to man, it is unlikely to find a noninvasive sampling methodology. Indeed, when the substrate is excavated to reach a MSS, a certain degree of alteration of the medium is inevitable. However, such alteration may be minimized during the digging phases by trying to keep the excavation hole as narrow as possible (Giachino and Vailati 2010; Lopez and Oromí 2010) . Moreover, it is not advisable to dig with a spade (DomingoQuero and Alonso-Zarangara 2010) but, instead, it is recommendable to use a sharp pointed iron bar as lever (Lopez and Oromí 2010) or other specifically designed tools (see, e.g., the prototype described in Giachino and Vailati 2010: 99-101) .
Some general tips that can be followed to select suitable sites can be found, among others, in Juberthie et al. (1980b Juberthie et al. ( , 1981a , Uéno (1987) , Hunt and Millar (2001) , Giachino and Vailati (2010) , Lopez and Oromí (2010) , and Domingo-Quero and Alonso-Zarangara (2010). After excavation, the soil layers conditions should re-stabilize-so-called maturation time. For this reason, it is advisable to start the sampling not before a few weeks after the excavation , even better after a few months (Domingo-Quero and Alonso-Zarangara 2010). The time necessary to capture troglobionts also depends on the morphological features of the MSS (e.g., presence or absence of soil cover, penetrability), on the conditions at the surface (e.g., vegetation cover, exposure to sunlight) and on the geology of the substrate.
Regarding the fixation fluid, different options are available. Being inexpensive and providing an excellent conservation of the specimens over long periods of time-up to several years-the simplest choice is brine (supersaturated solution of water and NaCl; Giachino and Vailati 2010) . Other options are available, such as 4 % formaldehyde (Rendoš et al. 2012) , 7 % formalin, and 10 % glycerol, with a few drops of detergent to break the surface tension (Růžička 1982 (Růžička , 1988 , water, and ethylene glycol 50 % (e.g., Růžička 2000; Ilie 2003; Nitzu et al. 2014) . The 1,2 propylene-glycol is instead the best choice for molecular studies, because it preserves the DNA specimens in good condition and does not evaporate (Rubink et al. 2003) .
Due to the fact that there are no comparative studies on the effectiveness of these fixation fluids in MSS, the choice of which one to adopt is basically dictated by practical reasons-expensiveness, toxicity, etc. Regardless of which fixing fluid is chosen, one of the serious problems we can encounter is the rising of the liquid level within the trap (Růžička 1982) , due to percolating water or condensation droplets falling into the trap. Indeed, the influx of extra water in the trap can reduce the preservative properties of the fixing fluid by dilution (Lopez and Oromí 2010) , and if the level of the water rises to the pot edge, big invertebrates may escape (Růžička 1982) . To prevent these drawbacks, a solid plastic cover or a flat stone may be used to cover the trap (Fig. 5a, b) , deflecting the infiltrating water during heavy rains (Deltshev et al. 2011 ). In addition, three to four holes may be drilled on walls of the pitfall trap at the maximum desired level of the fixation fluid (see pitfall trap in Fig. 5) , so that the water in excess can drain (Růžička 1982) .
In several studies baits are used, usually in the form microlfactive attractants-smelly cheese, fresh fish, or meat. One of the best setups is to house the bait in a small tube inside the central compartment of the trap, in the form of a renewable cartridge (Lopez and Oromí 2010; Ortuño et al. 2013) . The cartridge can easily be renewed every time the trap is emptied (Fig. 5c) . A comparison between MSS sampling methods with different type of baits are found in Gers and Cugny (1983) . Moreover, given that not all organisms are attracted by baits, their use may misrepresent the relative abundance of taxa. On the other hand, baits are particularly suitable for faunistic studies, but should be used with moderation. This is because systematic trapping repeated over time at the same site, especially if carried out with baits capable of conveying individuals from long distances, can heavily impact the numerical consistence of small populations of invertebrates (e.g., Hunt and Millar 2001; Latella and Stoch 2001; Cardoso 2012 ).
Perspective and recommendations
Given the objective difficulties related to the investigation of the MSS, few extensive studies have been conducted. The majority of the studies are represented by the description of invertebrate species previously unknown to science, and apparently, such discoveries occur whenever a suitable substrate is dug to collect MSS fauna (see BBiological investigations^). One of the most intriguing questions concerning MSS can be summarized with the words of Eberhard and Giachino (2011: 70) , who wondered: B [...] To what extent does the cave fauna described to date represent the tip of the iceberg in relation to non-karstic MSS/SSH subterranean biodiversity?M any more questions remain regarding the origin and the distribution of the MSS fauna and on the ecological processes taking place in MSS. Such researches could be stimulating endeavors.
We are convinced that a major impediment to the advance of the knowledge regarding MSS derives from a general lack of consensus about the definition as well as the jargon used to refer to the different, yet interconnected, types of MSS.
For these reasons, when characterizing the MSS, we recommend to mention the following:
1. The MSS type under investigation 2. The geological nature of the substrate and general topographical information-e.g., slope and aspect 3. The presence of vegetation (if any) 4. The thickness of the soil cover/leaf litter (if any) 5. The depth at which the MSS is found/sampled 6. The size, shape, and dimension of the clasts-or proxies for this feature such as Bstoniness^sensu Jiménez-Valverde et al. (2015) 7. Ecological information about the sampled assemblagee.g., relative abundance of troglobionts, troglophiles, and external elements
Concluding remarks
In this review, we have characterized the MSS from different points of view, including biotic and abiotic ones. Abiotic features contribute to define the MSS from a physical perspective. However, habitats are not purely physical concepts, but require a more holistic understanding, thus including ecological aspects, i.e., organism-environment interactions and interactions among organisms. Many authors (Oromí 2004; Giachino and Vailati 2005 , 2006 , 2016 Moseley 2009; Monguzzi 2011) suggested that from a nonanthropocentric perspective, the network of fissures in the parent rock has to be regarded as the primary habitat for the subterranean fauna, from which the colonization of caves and/or the different types of MSS arises. From this perspective, MSS is part of the hypogean ecosystem and represents its extension toward the surface (Fig. 1f) .
